A survey of Sulfolobus isolates showed all to contain thermostable enzyme activities hydrolyzing various glycosidic compounds. Of those not previously reported, the I-glucosidase activity of Sulfolobus solfataricus isolate P2 was chosen for further study and found to have the same kinetics of inactivation, apparent molecular weight, and many (though not all) other biochemical properties of the ,3-galactosidase also present in this strain. The two activities copurified approximately 850-fold to apparent homogeneity. The enzyme, whose subunit M, was estimated to be 60,000 to 65,000 by gel permeation chromatography of the active enzyme and 70,000 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the denatured form, hydrolyzed a variety of low-molecular-weight, Il-linked glycosides and could account for most of the corresponding activities found in crude extract. Kinetic analyses indicated that chromogenic ,P-D-galactosides and P-D-glucosides are hydrolyzed at a common active site and that ,-glucosides and ,-fucosides represent the preferred substrates.
the present study demonstrate, however, that certain basic properties of this enzyme have not been recognized, including its preference for substrates other than P-D-galactosides.
(Portions of this work have been presented previously [11] .) MATERIALS AND METHODS Bacterial strains and growth conditions. The clonally purified cultures of Sulfolobus isolates used in this study and t Present address: Department of Microbiology and Molecular Genetics, 5403 Life Sciences Building, University of California at Los Angeles, Los Angeles, CA 90024-1489. heterotrophic growth conditions have been described previously (10) . The cell extracts of S. solfataricus P2 were prepared by resuspension of cells in about 0.7 ml of 50 mM sodium phosphate (pH 6.8), followed by 20-to 60-s sonication and removal of unbroken cells by centrifugation (10 min, 12,000 x g) or by sodium sarcosyl extraction, performed in the course of purifying S-layer cell walls as described previously (10) ; the detergent extract was dialyzed versus 50 mM sodium phosphate (pH 6.5), stored at -20°C with 40% (vol/vol) glycerol added, and redialyzed before use to remove glycerol.
Glycosidase assays. Unless otherwise indicated, glycosidase activities were assayed by determining the formation of free 4-nitrophenol from the corresponding glycoside. The standard assay mixture consisted of 100 mM KCl, 100 mM sodium citrate (pH 4.9), 20 mM dithiothreitol (DTT), 1.6 mM substrate, and enzyme in a total volume of 0.20 ml. The reaction was started by mixing the components at 20°C followed by rapid equilibration (13-mm thin-walled glass tubes vigorously agitated) with a 77°C water bath; it was stopped by similarly chilling the tubes in ice water followed by addition of 0.15 ml of 1 M Na2CO3.
Hydrolysis of nonchromogenic substrates was calculated on the basis of D-glucose liberated. Aliquots of an assay mixture (as above, except 20 mM DTT and chromogenic substrate were replaced by 5 mg of nonchromogenic substrate per ml) were withdrawn from 77°C incubation at regular intervals, chilled, and assayed with glucose oxidase reagent essentially as described by Dekker (6) , except that oxidation of p-phenylenediamine was assayed by optical density at 405 nm. Simultaneous liberation of D-glucose and 2-hydroxymethylphenol from salicin was assayed as follows: aliquots from the assay mixture were diluted 1:4 in 1 M Na2CO3 at 20°C. The released aglycone was assayed by A292, based on an empirically determined molar extinction coefficient difference of 3,400 per cm. Free glucose was assayed as reducing sugar by the formation of a highly colored Fe2+ complex (1) . To assess the stability of glycosidase activities to various denaturing conditions, extract was diluted in citrate buffer; aliquots (20 ,ul) preceded by ammonium sulfate fractionation and followed by the above-described gel permeation chromatography achieved 200-to 300-fold purification of both activities (Table 2) , which correlated with a low-mobility band on SDS-polyacrylamide gels (Fig. 1, left panel) . After a final affinity chromatography step (Table 2) , the preparations yielded only this slowly migrating band on SDS-polyacrylamide gels (Fig. 1, right panel) . This low-mobility band was consistent with the electrophoretic mobility of enzymatic activity and appeared to represent an incompletely denatured, if not native, protein; severely denaturing treatment before electrophoresis (97°C for 15 min in 10 M urea-0.8% SDS) converted it to a form migrating at an apparent Mr of about 70,000 (Fig. 1, cf. lanes F and G) . Allowing for the different gel systems used, these results are in reasonable agreement with the recent purification of ,B-galactosidase from S. solfataricus MT4 (19) .
Substrate specificity. Several potential substrates and substrate analogs were tested for the ability to inhibit 4-nitrophenyl glycoside hydrolysis, and few were found to be effective (Table 3 ). The more effective compounds included derivatives of both D-galactose and D-glucose and preferentially inhibited the 3-galactosidase activity (Table 3) , suggesting overlap or steric similarity of the corresponding active sites. To confirm a common catalytic site preferring P-D-glucosides over P-D-galactosides, rates of 4-nitrophenol production were compared by using each chromogenic substrate and an equimolar mixture of the two (4 nmol of 4-nitrophenol released per min.
-VB) = KB(VA -VC), which describes two substrates competing for the same active site (4). As Table 4 shows, most ,-glycosidase activities observed in crude extracts could be attributed to the enzyme purified according to Table 2 , whereas a few activities, including a-glucosidase and possibly, hydrolysis of carboxymethyl cellulose and 1-O-methyl-p-D-glucoside, did not purify with the ,-glycosidase. Standard kinetic analysis showed that, of the six chromogenic substrates hydrolyzed at significant rates by purified enzyme (Table 4) , the a-L-arabinoside, P-D-xyloside, and P-D-2-deoxy-2-acetamidogalactoside were relatively poor, characterized by low Vmax and high Km values (data not shown). For the remaining chromogenic substrates, the ratio of Vmax,jKm was found to increase in the order P3-D-galactoside < P-D-fucoside < ,-D-glucoside (Ta- classified as a I-glucosidase, or perhaps a P-gluco/fucosidase, rather than as a 3-galactosidase. Specificity of stimulation by alcohols. A homologous series of alcohols was tested with purified enzyme to define better the apparent enhancement of enzymatic P-glucoside hydrolysis by alcohols. The relative enhancement of 4-nitrophenol liberation was found to be a complex function of (i) alcohol concentration, (ii) hydrocarbon chain length, and (iii) steric configuration (Fig. 2) . The role of each can be summarized as follows.
(i) Each alcohol exerted a "dual" effect, stimulating 4-nitrophenol release at relatively low concentration but inhibiting it at high concentration; this resulted in a welldefined concentration optimum (9) .
(ii) The apparent effectiveness of the alcohol for both stimulation and inhibition increased dramatically with length of the hydrocarbon chain. As a result, the concentration optimum for each subsequent member of the homologous series became narrower and occurred at successively lower alcohol concentrations (Fig. 2) .
(iii) Secondary alcohols exerted similar effects but yielded less total stimulation than the corresponding primary alcohol.
DISCUSSION
Extracts of all Sulfolobus isolates examined were able to hydrolyze 1-glycosides at significant rates, and in S. solfataricus isolate P2 most of the 1-glycosidase activities found in crude extracts could be attributed to a single enzyme. The present study provides conclusive evidence that the 1-galactosidase and ,B-glucosidase activities derive from the same enzyme: (i) a variety of denaturing agents (high temperature, 3% [wt/vol] SDS, urea, low pH) destroyed both activities at the same rate, (ii) the ratio of the two activities remained constant during approximately 850-fold purification, (iii) the result of purification was an apparently homogeneous enzyme with very low electrophoretic mobility similar to that of both enzymatic activities, and (iv) substrates of the two activities competed for the same catalytic site. Hydrolysis of ,B-D-fucosides presumably occurs at this site also, considering the close structural analogy to ,B-D-galactosides. Comparison of the substrates hydrolyzed by crude extract and by purified 13-glycosidase indicates at least one additional, distinct glycosidase in S. solfataricus, e.g., one hydrolyzing x-glucosides.
The ,B-glycosidase proved relatively ineffective against most polysaccharides tested, but its rather low specificity for both glycone and aglycone moieties of simple glycosides represents a possible advantage for certain applications. Removal of lactose from milk products has been proposed (3) (20) . These compare with >120 min at 87°C observed in this study for the S. solfataricus enzyme. The S. solfataricus f-glycosidase also proved more stable to polar solvent at high temperature than about 85% of total S. solfataricus protein, which was used to advantage in its purification (Table 2) .
Apparent stimulation of ,3-glucoside hydrolysis by alcohols, observed here with the S. solfataricus enzyme, is a common, though not universal, feature of ,B-glucosidases (9, 20) . The observed concentration dependence suggests binding of alcohol at a hydrophobic site which increases the rate of aglycone release at low concentrations but decreases it at high concentrations. Analysis of this effect in a mammalian enzyme has indicated that the increase is due to higher turnover rate in the presence of alcohol, whereas the decrease reflects competitive inhibition by the alcohol (9). One possible mechanism for the alcohol stimulation of aglycone release is preferential transfer of the glucosyl group to the alcohol rather than to water. The observed effect of 1-propanol on the stoichiometry of salicin hydrolysis products (Fig. 3) suggests that the S. solfataricus 3-glycosidase can catalyze glucosyl transfer from the aryl aglycone to alcohol, although this does not account for all of the stimulation observed (Fig. 3) . Another question requiring further study is the enzyme's function in vivo, which is almost certainly not the catabolism of lactose. In its geothermal habitat, Sulfolobus grows autotrophically via sulfur oxidation (2), and most laboratory strains do not effectively utilize 1-linked disaccharides (10) , yet all contain ,B-glycosidase activity. Also, growth of S. solfataricus P2 on D-cellobiose or lactose as sole carbon and energy source does not significantly induce the enzyme (data not shown). On the other hand, other data imply that ,B-D-glucosyl/,B-D-galactosyl transferase should be required for the biosynthesis of membrane lipid in S. solfataricus (18) .
Finally, it should be noted that Sulfolobus 13-glycosidase can be expressed in Escherichia coli; this property has been used by two independent groups to clone and sequence the corresponding genes (5, 17 (17) contained the S. acidocaldarius of unknown origin also received from the same source under the same designation by Grote et al. (13) and by Grogan (10) . Though somewhat confusing, this situation has the advantage of providing two distinct protein structures, which presumably share enzymatic function and thermostability, for detailed molecular comparison.
